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Spectroscopy of snake states using a graphene Hall bar
S. P. Milovanovic´,∗ M. Ramezani Masir,† and F. M. Peeters‡
Departement Fysica, Universiteit Antwerpen,
Groenenborgerlaan 171, B-2020 Antwerpen, Belgium
An approach to observe snake states in a graphene Hall bar containing a pn-junction is proposed.
The magnetic field dependence of the bend resistance in a ballistic graphene Hall bar structure
containing a tilted pn-junction oscillates as a function of applied magnetic field. We show that
each oscillation is due to a specific snake state that moves along the pn-interface. Furthermore
depending on the value of the magnetic field and applied potential we can control the lead in which
the electrons will end up and hence control the response of the system.
PACS numbers: 72.80.Vp, 73.23.Ad, 85.30.Fg
Graphene’s electronic properties are drastically differ-
ent from conventional semiconductors. Graphene has a
linear spectrum near the K and K ′ points with zero
gap1,2 which causes perfect transmission through arbi-
trarily high and wide barriers for normal incidence, re-
ferred to as Klein tunneling3? –6. The metamaterial char-
acter of pn-junctions in graphene7 was pointed out ear-
lier, and focusing of electronic waves was proposed8,9.
The metamaterial properties of the above mentioned
pn-junctions resulted in the expectancy of controlling
the electron wave function, in particular, the width
of electron beams by means of a superlattice that is
known as collimation10. Qualitatively, the metamate-
rial properties of pn-junctions in graphene can be un-
derstood by inspecting classical trajectories11, or using
ray optics as it is called in the case of electromagnetic
phenomena? . Classical simulations for electronic trans-
port were done recently for a Hall bar made of single
layer12,13 and bilayer14 graphene. Gapless energy disper-
sion of graphene allows electron and hole switching at the
pn-interface which can be realized using nanostructured
gates15,16.
Applying a nanostructured top gate or side gates one
can induce a pn-interface in the Hall cross as shown
schematically in Fig. 1(a). Near the interface conduc-
tion by electrons on one side and conduction by holes on
the other side occurs. An applied magnetic field bends
electron and hole trajectories towards the interface while
Klein tunneling through the interface allows snake or-
bits to propagate (see Fig. 1(b)). Snake states along
the pn-interface were predicted analytically17,18 in the
presence of a homogeneous magnetic field. Existence of
such states was confirmed in recent experiments19,20 by
measuring the resistance along the pn-interface.
Here we showed that by using a tilted pn-interface in
the cross of a Hall bar structure allows us to characterize
the different snake states by measuring the bend resis-
tance. In such a device carriers injected from any lead (
Fig. 1(c) shows injection from lead 1) will transmit mul-
tiple times on the pn-interface and move along it until
they reach one of the leads at the other end (lead 2 or
lead 3 in Fig. 1(c)). The choice of the final lead depends
on the value of applied magnetic field, carrier density,
length of the pn-interface and the angle of injection. We
found that as a function of the magnetic field strength or
the Fermi energy a sequence of peaks and dips appear in
the bend resistance depending in which lead the carriers
will end up. This effect can also be viewed as a type
of magnetic focusing, but unlike normal transverse mag-
netic focusing21 which is a result of skipping orbits, here
the focusing appears due to snake states. We can con-
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FIG. 1: (a) Schematics of the Hall bar with tilted pn-junction.
(b) Snake states through the pn-interface in the presence of
the perpendicular magnetic field. (c) Four possible trajecto-
ries for an electron injected from lead 1.
trol the position of the peaks by changing the cyclotron
radius which is given by,
Rc =
|EF − V |
evF |B| =
~
√
pins
e|B| (1)
where ns is the carrier density, EF is the Fermi energy, V
is the applied potential, vF is the Fermi velocity and B
is the applied magnetic field. Thus we are able to control
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FIG. 2: (Color online)(a) The schematics of two possible tra-
jectories for two different values of the Fermi energy. (b)
The bend resistance for different values of applied potential
V2 with V1 = 0 and EF /E0 = 1. The inset shows a zoom
around low magnetic field. (c) Bend resistance for the case
V2/E0 = 2 and EF/E0 = 1. The different snake trajectories
for some peaks and dips are shown in the insets.
the snake states in graphene by changing the magnetic
field or carrier density.
To simulate the transport properties of such a graphene
Hall bar we rely on the semiclassical billiard model22.
In this model electrons are considered as point particles
(billiards) which are injected uniformly over the length
of the lead, while the angular distribution is given by
P (α) =
1
2
cos(α), with α ∈ [−pi/2, pi/2]. The model is
justified when λF ≪ W , where λF is the Fermi wave-
length and W the width of the lead and when quan-
tization effects are not important. This approach has
been used to describe various experiments with a meso-
scopic Hall bar12,22,25–27. The motion of ballistic parti-
cles is determined by the classical Newton equation of
motion, which is justified for the case lφ < W < le
where lφ is the phase coherence length and le the mean
free path (for typical parameters at low temperatures
the electron mean free path can be calculated as le =
(~/e)µ(pins)
1/2 > 1µm, with µ the mobility and ns the
electron density), while the transmission of electrons and
holes through the pn-interface is calculated quantum me-
chanically using the Dirac Hamiltonian.
Transport properties of the system are obtained by us-
ing the Landauer-Bu¨ttiker formalism. For this purpose
we need to find the electron transmission probabilities be-
tween the different leads of the Hall bar structure. The
probability that an electron injected from terminal j will
end up in terminal i is given by Tij . These transmission
probabilities are then used in the Landauer-Bu¨ttiker for-
mula in order to calculate the current in terminal i,
Ii =
e
h

(Ni − Tii)µi −∑
j 6=i
Tijµj

 , (2)
here Ni is the number of occupied transport channels,
FIG. 3: (Color online) Electron current density for V1 = 0,
V2/E0 = 0.4 and EF/E0 = 1, when (a) - (d) B/B0 = −3 and
(e) - (f) B/B0 = 3. The arrow indicates the lead at which the
current is injected.
which depends on EF and µi and µj are the chemical
potentials of the reservoirs i and j, respectively, e is the
electron charge and h is Planck’s constant. Eliminating
the chemical potentials we can derive expressions for the
different resistances,
Rmn,kl =
h
e2
TkmTln − TknTlm
D
, (3)
with D = α11α22 − α12α21 and
α11 = [(Ni − T11)S − (T14 + T12)(T41 + T21)] /S
α12 = (T12T34 − T14T32)/S
α21 = (T21T43 − T41T23)/S
α22 = [(Ni − T22)S − (T21 + T23)(T32 + T21)] /S,
(4)
where S = T12 + T14 + T32 + T34. In the present paper,
we are interested in the bend resistance RB = R14,32.
3The four-terminal Hall bar with a tilted pn-interface
is used as the device of interest. For numerical calcula-
tions we used EF = 50 meV, V1 = 0 and V2 = 100 meV.
For a typical electron density ns = 1.84× 1011cm−2, and
a width of leads W = 1µm, 100µm and 10nm, we ob-
tain for the unit of magnetic field B0 = |EF |/evFW =
0.05T , 0.5 and 5T and for the resistance unit R0 =
(h/4e2)(~vF /EFW ) = 0.085kΩ, 8.5kΩ and 0.85kΩ. The
cyclotron radius is given by Eq. (1) which for B0 results
into Rc0 =W = |EF |/evFB0. The numerical simulation
of the bend resistance as a function of the magnetic field
is shown in Figs. 2(b) and 2(c). Two different regimes
are found:
1) EF > V2: the electron can pass through the pn-
interface and preserves the direction of motion with a
change of the cyclotron radius. One of the possible tra-
jectories is shown in the left panel of Fig. 2(a). Notice
that from Eq. (3) the bend resistance is proportional to
RB ∝ T31T24︸ ︷︷ ︸
I
−T34T21︸ ︷︷ ︸
II
. (5)
As shown in Fig. 2(b) for negative magnetic field the
bend resistance is almost zero. We can understand this
behavior better using the electron current density plots,
shown in Figs. 3(a)-(d) for B/B0 = −3. The electron
current density for electrons injected from lead 1 (see
Fig. 3(a)) shows that the majority of electrons perform
skipping orbits on the edge of the system and therefore
end up in lead 2 resulting in zero transmission probabil-
ity T31 in part I of Eq. (5). Similarly, shown in Fig.
3(d), none of the electrons travel from lead 4 to lead 3,
resulting in zero T34 in part II of Eq. (5). Consequently,
for high negative magnetic fields the bend resistance is
zero. As we approach zero magnetic field the cyclotron
radius increases and the electrons will have a chance to
travel from lead 1 to 3 or from lead 4 to lead 3. We
can find this classically by setting the cyclotron radius to
Rc = D/2 =
√
2W/2 with corresponding magnetic field
given by B/B0 =
√
2(1 − V/EF ) (see the inset of Fig.
2(c) for the position of the classically predicted value of
the magnetic field of B/B0 = 0.84 given by the vertical
orange dotted line for V2/EF = 0.4). For positive mag-
netic field electrons coming from lead 1 travel through
the pn-junction with different radius on the two sides of
the junction as shown schematically in the left panel of
Fig. 2(a) which has a chance to end up in any lead and
consequently we have nonzero transmission factors Ti1
(especially T31 and T21 which appear in Eq. (5)). On the
other hand, all electrons injected from lead 4 perform
skipping orbits and consequently will end up in lead 3
resulting in a nonzero T34. However the transmission T24
appearing in Eq. (5) is zero because there is no elec-
trons going from lead 4 into 2, then the first part of Eq.
(5) is zero and only the second part will be nonzero and
RB ∝ −T34T21 which is responsible for the negative bend
resistance.
2) For EF < V2 we have on one side of the pn-junction
electrons and on the other side holes. When an elec-
tron transmits through the pn-interface it transforms to
a hole and its direction of motion will change which re-
sults in a snake state, as shown in Figs. 1(b)-(c) and
in Fig. 2(a). Depending on initial factors (angle of in-
jection, magnetic filed, potential, etc...) it can end up
in the electron or hole region. This results in an oscil-
latory behavior of the bend resistance as shown in Figs.
2(b) and 2(c). Each of the peaks can be associated with
a specific snake state as illustrated schematically in the
inset of Fig. 2(c). Peaks occur respectively when the
length of the tilted pn-interface (D =
√
2W ) satisfies the
equality, Dpeaks = 2nR1 + (2n+ 1)R2 which means that
the particle injected from lead m(n) will most likely end
up in lead l(k). Here n is the number of times the par-
ticle switches between the electron and the hole region
along the pn-interface. The corresponding magnetic field
is given by,
Bpeaksn =
B0√
2
[2n(V/EF ) + 1], n = 1, 2, .... (6)
where we use V1 = 0 and V2 = V . A contour plot of the
bend resistance as a function of applied magnetic field
and electrical potential is plotted in Fig. 4. Figure shows
reasonable good agreement between classically predicted
peaks (Eq. (6)), shown by the black dashed lines, and
our simulations. For the special case when R1 = R2 (or
V2/EF = 2) we find that the position of the peaks is
FIG. 4: (Color online) Bend resistance as a function of mag-
netic field and applied potential. The black dashed lines cor-
respond to classically predicted peaks given by Eq. (5).
given by, Bpeaksn = B0(4n + 1)/
√
2. The analytical re-
sults of Eq. (6) are shown in Fig. 2(c) by the vertical
dotted orange lines. We also show schematically the cor-
responding snake trajectory for each peak and dip for
different number of nodes. The distance between consec-
utive peaks is given by
∆B = Bn+1 −Bn = 4
( |EF − V1|
eLtvF
)
, (7)
which for the used parameters results into ∆B =
2
√
2B0 ≈ 2.83B0. In Figs. 5(a)-(d) we plot the elec-
4FIG. 5: (Color online) Electron densities for V1 = 0, V2/E0 =
2 and EF /E0 = 1, (a) - (d) when B/B0 = 2.4 and (e) - (f)
when B/B0 = 3.5. The arrow indicates the lead at which the
current is injected.
tron current densities for B/B0 = 2.4 which corresponds
to a dip in the bend resistance. Figures show that the
majority of carriers injected from lead 1 will end up in
lead 2. In case of injection from lead 4, carriers are most
likely to end up in lead 3. Other transmission coefficients
T31 and T24 are small which result in a minimum in the
bend resistance. For the magnetic field B/B0 = 3.54,
which corresponds with a peak, most electrons injected
from lead 1 will end up into lead 3 and electrons injected
from lead 4 will end up into lead 2 which means that part
I in Eq. (5) will be much larger than part II.
In summary, using a tilted pn-interface we are able
to selectively probe different snake states and investigate
its influence on the transport properties of a graphene
Hall bar. Such a pn-junction along the diagonal of the
Hall bar cross can be realized experimentally. As our nu-
merical simulation showed, applying different magnetic
field (or different potential) we are able to control the
electron current along the pn-interface. This resulted in
an oscillatory behavior of the bend resistance which is a
signature of the different snake states appearing in the
system. We found an analytical formula that predicts
the position of the peaks and dips in the resistance.
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